ABSTRACT: This study examines the effect of maternal protein restriction in rats on levels of cardiac fibrosis, myocardial capillarization, and media:lumen ratio of intramyocardial arteries in adult offspring. Female Wistar Kyoto rats were fed either a normal protein diet (NPD; 20% casein) or a low-protein diet (LPD; 8.7% casein) during pregnancy and lactation. Female offspring (seven per group) were weaned at 4 wk of age and grown to adulthood. At 24 wk of age, the offspring were perfusion fixed. Cardiac fibrosis and media:lumen ratio of intramyocardial arterioles was assessed using image analysis and cardiac capillarization was stereologically investigated. Body weights at 2 and 24 wk of age were significantly reduced (31% and 8%, respectively) in the LPD offspring; however, heart size was not different at 24 wk. Importantly by adulthood, there was a significant 15% increase in left ventricular interstitial fibrosis in LPD offspring. There were no differences in levels of perivascular fibrosis, myocardial capillarization, or in the media:lumen ratio of intramyocardial arteries between groups. Because cardiac fibrosis is associated with impaired cardiac contractility and arrhythmia, our results suggest that induction of interstitial fibrosis may contribute to the increased cardiac disease in adult subjects who were exposed to an adverse intrauterine environment. M any epidemiologic studies have shown that subjects exposed to perturbations in early development have an increased incidence of cardiovascular disease later in life (1-3). It is likely that an adverse intrauterine environment may permanently reduce the numbers of cells/functional units in vital organs, which in turn will affect postnatal organ function. Recent experimental studies of reduced nephron endowment in kidneys, as a result of maternal protein restriction, and subsequent detrimental effects on renal function later in life support this concept (4); whether this is the case in the heart has not yet been elucidated. Interestingly in a recent study in our laboratory, we found that maternal protein restriction throughout pregnancy in rats leads to a reduced heart size and a concomitant decrease in the number of cardiomyocytes (5). Because cardiomyocytes in general cease proliferating soon after birth, with postnatal growth of the heart predominantly due to cardiomyocyte hypertrophy (6), these findings could have important adverse implications on the structure and function of the heart later in life. We postulate that a decrease in the total number of cardiomyocytes in neonatal hearts will limit the capacity for physiologic cardiac growth in adulthood. We propose that when cardiomyocytes reach their limits of hypertrophy, further enlargement of the heart will then occur through increased deposition of extracellular matrix leading to cardiac fibrosis.
M
any epidemiologic studies have shown that subjects exposed to perturbations in early development have an increased incidence of cardiovascular disease later in life (1) (2) (3) . It is likely that an adverse intrauterine environment may permanently reduce the numbers of cells/functional units in vital organs, which in turn will affect postnatal organ function. Recent experimental studies of reduced nephron endowment in kidneys, as a result of maternal protein restriction, and subsequent detrimental effects on renal function later in life support this concept (4) ; whether this is the case in the heart has not yet been elucidated. Interestingly in a recent study in our laboratory, we found that maternal protein restriction throughout pregnancy in rats leads to a reduced heart size and a concomitant decrease in the number of cardiomyocytes (5) . Because cardiomyocytes in general cease proliferating soon after birth, with postnatal growth of the heart predominantly due to cardiomyocyte hypertrophy (6) , these findings could have important adverse implications on the structure and function of the heart later in life. We postulate that a decrease in the total number of cardiomyocytes in neonatal hearts will limit the capacity for physiologic cardiac growth in adulthood. We propose that when cardiomyocytes reach their limits of hypertrophy, further enlargement of the heart will then occur through increased deposition of extracellular matrix leading to cardiac fibrosis.
Indeed, accumulation of extracellular matrix structural proteins in the heart adversely affects myocardial viscoelasticity (7, 8) with accumulation of fibrillar collagen leading to cardiac dysfunction (9 -11) . In addition, the isolation of cardiomyocyte groups by collagens can cause a reduction in gap junctions in cardiac muscle and lead to electrical load variations, thus triggering arrhythmias (12) .
Ultimately how well the heart functions is reliant on the supply of oxygen and nutrients to the highly active cardiomyocytes. There is recent evidence suggesting that growth of the myocardial vasculature in the fetus may be affected by perturbations in utero (13) . Under normal conditions, the rate of coronary vascularization during development is regulated by the magnitude of cardiac growth (14) . However, hypoxia is a strong stimulus of capillary growth (15) , and recent studies suggest that hypoxia in utero may augment the growth of the myocardial vasculature (13) . Whether maternal protein restriction affects the vascularization of the heart is currently unknown.
Hence, the aims of the present study were to compare the levels of cardiac fibrosis, levels of capillarization, and the media:lumen ratio of intramyocardial arteries in the hearts of adult offspring that were exposed to either a normal maternal protein diet or to a reduced maternal protein diet.
We have previously shown using this model that the number of cardiomyocytes is significantly reduced at birth in offspring exposed to maternal protein restriction when compared with control offspring (5) . In this study, a comprehensive analysis of fibrosis (interstitial, reparative, and perivascular) throughout the entire heart (right and left ventricles) was undertaken using image analysis. The right ventricle acts as an internal negative control for the specific effects of increased wall pressure that is present in the left ventricle. In addition, a detailed stereological study of the cardiac vasculature has been undertaken in the adult heart of offspring exposed to maternal protein restriction compared with control hearts.
METHODS
Animals and diet treatment. Twelve-week-old female and male Wistar Kyoto breeder rats were obtained from the Australian Resource Centre, Perth. The female rats were divided into two groups and fed either an NPD (containing 20% casein) or a LPD (containing 8.7% casein) during pregnancy and for 2 wk after birth. Initially, the rats were familiarized to the diets for 2 wk before mating. The diets were commercially available, semipurified diets (Glen Forrest Stockfeeders, Glen Forrest, Western Australia) ( Table 1 ) (16) . Diet intake was monitored daily. The breeder rats were housed individually and maintained at a constant temperature of 21°C. Food and water were administered ad libitum. At birth, the litters were reduced to eight pups. To avoid the mothers becoming stressed, the offspring were not weighed until 2 wk of age. Body weight was measured weekly from weaning until 24 wk of age. Offspring (eight per group) used in this study were derived from six litters in the NPD group and five litters in the LPD group. After birth, the offspring were housed with their mother until weaning at 28 d, at which time they were housed two to three rats per cage and kept until 24 wk of age. Only female offspring were used in this experiment. We chose to use females as we have previously shown significant reductions in total cardiomyocyte number in the hearts at birth of female offspring exposed to maternal protein restriction (5) . Whether cardiomyocyte number is also reduced in male intrauterine growth restriction (IUGR) offspring at birth is unknown.
The animal experiments were approved by the Monash University, Biochemistry, Anatomy and Microbiology Animal Ethics Committee and treatment and care of the animals conformed with the Australian code of practice for the care and use of animals for scientific purposes.
Measurement of heart weight and ventricular wall volume. At 24 wk of age, the rats were anesthetized (sodium pentobarbitone, 40 mg/kg intraperitoneally; Nembutal; Rhone Merieux, Australia) and perfusion fixed retrogradely via the abdominal aorta with 4% paraformaldehyde in 0.1 mol/L phosphate buffer at a perfusion pressure of 140 mm Hg. Before fixation, heparin sodium was administered via the aortic catheter to prevent the blood from clotting, papaverine hydrochloride to maximally dilate the vasculature, and potassium chloride to arrest the heart in diastole. The hearts were excised, trimmed of fat and connective tissue and randomly assigned an experimental number so that the researcher was blinded to the experimental treatment group (eight in the NPD group and eight in the LPD group).
The atria were excised from the heart and then the ventricles (right and left) plus the intraventricular septum were weighed. The ventricles were sliced into 1-mm thick slices using a razor blade cutting device. It is to be noted that one of the hearts from the LPD offspring was markedly damaged in the initial slicing so it was excluded from the study.
The volume of the left ventricular wall and adjoining septum (LVϩS) and right ventricular wall (RV) were then determined using the Cavalieri principle (17) .
Assessment of cardiac fibrosis. Every second heart slice was embedded in paraffin, sectioned at 5 m, and stained with a 0.001% Sirius red diluted in picric acid. It is to be noted that all sections were stained with the same freshly prepared batch of picrosirius red stain.
Interstitial/reparative fibrosis. The picrosirius-stained sections were viewed using an Olympus microscope (Olympus BH-2, Japan) and the image projected onto a monitor screen with the aid of a CCD camera (Sony XC-77CE CCD, Japan) interfaced with a computer. Each sampled field of view was displayed on the monitor and the amount of red staining collagen area per total tissue area was measured using Microsoft Computer Imaging Device M4 (MCID) software (Version 3.0, Rev 1.4, 1997, Imaging Research Canada). All sections were analyzed under ϫ200 magnification. A systematic uniform random sample of eight fields per section (six fields from the LVϩS and two fields from the RV) was undertaken to analyze the levels of interstitial/reparative fibrosis. Collagen area was determined by measuring the area of red-stained tissue within a given field and the relative proportion of interstitial/reparative fibrosis subsequently determined (18) .
Perivascular fibrosis. For the study of perivascular fibrosis, each LVϩS section was initially scanned under ϫ20 magnification and the number of myocardial arteries with a diameter ranging from about 150 to 400 m were counted and allocated a number. Two myocardial arteries were then selected for analysis, according to the method described by Nyengaard and Marcussen (19) .
To determine the area of the lumen and adventitia of each artery, the outline of the lumen and the adventitia was traced under ϫ200 magnification using image analysis. The cross-sectional area of the media of the same vessels was also measured. The areas of the lumen, media, and adventitia were subsequently calculated using Microsoft Computer Imaging Device M4 (MCID) software (Version 3.0, Rev 1.4, 1997, Imaging Research Canada)
The area of adventitia was taken as a measure of perivascular fibrosis. To account for differences in the size of arteries sampled, the adventitia:lumen ratio was calculated as a relative measure of perivascular fibrosis (20) .
The area of the media was also measured and the media:lumen ratio for the myocardial arteries was also determined (20) .
Sampling of the myocardium using the "Orientator." The remaining heart slices (approximately eight slices per heart) were used for the stereological analysis of capillarization in the heart. Due to the anisotropic nature of the myocardial capillaries, the systematic version 1 of the Orientator was used to generate isotropic sections of the myocardium (21) .
The tissue was embedded in epon-araldite, with care taken to ensure that the cut surface according to the Orientator was flush with the top of the blocks. About eight sections from each block were cut at 1 m thickness and stained with toluidine blue.
Determination of Surface Area and Length of Myocardial Capillaries. One section from each slide was randomly chosen and projected on to the table top at a magnification of ϫ1475 using an Olympus BX50F4 light microscope (Tokyo, Japan) modified with a projection arm. An orthogonal grid (20 ϫ 20 mm, nine-square grid) within an unbiased counting frame was superimposed on the projected image.
In each field of view, the number of grid points overlying myocardium (P myo ) was counted and the number of capillary profiles (N cap ), and the number of intersections of capillaries with horizontal and vertical grid lines (I hϩv ) were counted using the unbiased counting frame (22) . Using a motorized stage, the fields of view were sampled in the x and y direction using uniform systematic random sampling. Ten fields of view per section (approximately 80 fields per heart) were analyzed.
The surface area density of myocardial capillaries, which is the surface area of capillaries per unit volume of LVϩS (SA Vcap, myo ) was calculated using the equation adapted from Mattfeldt et al. (21) . The total surface area of capillaries in the LVϩS (SA cap, LVϩS ) was then determined by multiplying the SA Vcap, myo by the volume of the LVϩS (V LVϩS ) (21, 23) The length density of myocardial capillaries, which is the length of capillaries per unit volume of LVϩS (L Vcap, myo ), was determined according to Mattfeldt et al. (21) . The total length of capillaries in the LVϩS (L cap, LVϩS ) was determined by multiplying the length of myocardial capillaries per unit volume of the LVϩS (L Vcap, myo ) by V LVϩS (21, 23) .
Capillary diffusion radius was determined according to the formula:
Diffusion radius ϭ ͱ 1 ϫ Length density Statistical analysis. Statistical analysis of the data was carried out using a computer-based statistical program, Graphpad Prism (version 3 for windows, Graphpad Software, San Diego, CA). To determine whether there were significant differences in the data between the two experimental groups at 24 wk of age, a two-tailed unpaired t test was used. Changes in body weight over time were analyzed using two-way analysis of variance (ANOVA) with repeated measures. The results are expressed as means Ϯ standard error of the mean (SEM). Statistical significance was accepted at p Յ 0.05. 
RESULTS

Body weights.
Maternal protein restriction during pregnancy and lactation led to marked effects on body weight of the offspring that persisted into adulthood (Fig. 1) .
At 2 wk of age, the body weights of the LPD offspring were significantly reduced compared with the NPD offspring such that body weights were 31% lower in the LPD offspring when compared with the NPD controls ( Table 2) . Between 8 and 12 wk of age, there was a rapid increase in body growth in the LPD offspring with body weights surpassing those of controls at 8 wk of age. At about 12 wk of age, growth in the LPD offspring appeared to slow down relative to controls such that at 24 wk of age, there was a significant (8%) reduction in body weight in the LPD offspring compared with controls ( Table 2) .
Heart weight and ventricular wall volumes. At 24 wk of age, there was no significant difference in heart weights or heart weight:body weight ratio in the LPD offspring compared with controls (Table 2) .
There was also no significant difference in LVϩS wall volume and RV volume in the hearts of the NPD and LPD offspring ( Table 2) .
Interstitial/reparative fibrosis. There was no significant difference in the levels of interstitial fibrosis in the RV of the LPD and NPD offspring (4.64 Ϯ 0.36% and 5.28 Ϯ 0.48% collagen volume fraction, respectively). Importantly, there was a 15% increase in the levels of interstitial fibrosis in the LVϩS of the LPD offspring compared with the NPD control (Fig. 2) . During the systematic sampling of the LVϩS, there were no apparent areas of reparative fibrosis (scarring) in hearts from either the LPD or NPD offspring. Perivascular fibrosis. There was no indication of increased levels of perivascular fibrosis in the LPD offspring with no significant difference in the adventitia:lumen ratio of intramyocardial arteries in the LPD and NPD groups (Fig. 3A) .
Media:lumen ratio of intramyocardial arteries. There was no significant difference in the media:lumen ratio of intramyocardial arteries in the LPD and NPD offspring (Fig. 3B) .
Capillarization in the left ventricle.
Maternal protein restriction during pregnancy and lactation appeared to have no effect on capillarization in the adult heart of LPD offspring. There was no significant difference in either capillary length density or total capillary length of myocardial capillaries in the hearts of the LPD and NPD offspring at 24 wk of age (Table 3) . Similarly, there was no significant difference in capillary surface area density or total capillary surface area of myocardial capillaries in the hearts of NPD and LPD offspring (Table 3 ). Diffusion radius of myocardial capillaries was not different between groups (Table 3) .
DISCUSSION
In this study, offspring of rats exposed to maternal protein restriction during pregnancy and lactation showed no difference compared with controls in the level of capillarization, media:lumen ratio of intramyocardial arteries, or the levels of perivascular fibrosis in the heart by adulthood. However, there was a significant (15%) increase in the level of interstitial fibrosis in the left ventricle. Hence, the findings of this study strongly suggest that exposure to maternal protein restriction early in life can lead to long-term adverse effects on the structural architecture of the heart. Because there was no difference in diffusion radius of myocardial capillaries or surface area and length densities of myocardial capillaries, the findings suggest that the blood supply to the myocardium was neither compromised nor augmented in the LPD offspring.
We predict that the increased deposition of fibrillar collagens observed in the present study is likely to be further exacerbated when the heart is challenged to undergo hypertrophy in adulthood, such as that seen with obesity or following induction of hypertension. In this regard, it was interesting to note that there was an acceleration in body growth of the LPD offspring during the period of adolescence (8 -12 wk of age) when compared with control offspring. Body weight gain after this time was reduced compared with controls such that at 24 wk of age body weights were significantly less than those of controls. This effect on postnatal growth in female LPD offspring is different from what we have previously observed in male LPD offspring exposed also to maternal protein restriction during pregnancy and lactation. In the male offspring, there was no evidence of catch-up growth, with postnatal body weights remaining consistently lower compared with those of controls (16) . Indeed, it may have been the 
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LOW MATERNAL PROTEIN AND THE ADULT HEART accelerated catch-up in body growth in our female LPD offspring that led to the induction of left ventricular interstitial fibrosis in these animals. In this study, the increased levels of fibrosis in the cardiac interstitium in LPD offspring was specific to the left ventricle with no apparent increase in interstitial fibrosis in the right ventricle, suggesting that the fibrosis occurred in response to the hemodynamic load in the left ventricle. In this regard, a number of studies have reported that maternal protein restriction can lead to elevations in blood pressure in adulthood (4, 24, 25) . Although we have reported on a number of occasions that this is not the case in our model of maternal protein restriction during pregnancy and lactation in Wistar Kyoto rats (16, 26) , these previous studies were all conducted using male offspring. We did not measure blood pressure in the female LPD offspring in the present study, nor did we measure blood pressure in female offspring in previous studies. Hence, we cannot rule out that there may have been an elevation in blood pressure in our female LPD offspring. Indeed, because the increase in interstitial fibrosis is specific to the LVϩS, this would support the concept that the induction of fibrosis is secondary to an elevation in blood pressure. In future studies, we will address this issue and determine whether there are gender differences in blood pressure responses in our adult rat offspring exposed to maternal protein restriction.
In the present study, there was no evidence of increased perivascular fibrosis in the LVϩS of LPD offspring compared with controls, and there was no evidence of reparative fibrosis in either ventricle. Our findings are supported by the recent study by Briscoe et al. (27) , where they showed increased accumulation of collagen in the interstitium of the left ventricle in adolescent guinea pigs that were growth restricted in utero, due to uterine artery ligation. Also in accordance with our findings they found no significant differences in the levels of perivascular fibrosis in the hearts of their adolescent growth-restricted offspring (27) .
In general, the development of the vasculature in the fetal heart is proportional to cardiac mass, with heart development closely linked temporally and spatially to the regulated vascularization (14) . However, there is some evidence to suggest that there is augmentation of myocardial vascular growth in the IUGR fetal heart exposed to hypoxia (13) . Indeed, when hypoxia is present, angiogenesis is likely to be stimulated (15) . In our study, capillarization of the heart in the LPD offspring was not different compared with the NPD offspring. Neither myocardial capillary surface area and length density nor total myocardial capillary surface area and length were different between the LPD and NPD offspring. Hence, there was no evidence of an augmented or decreased vasculature in the hearts of the LPD offspring in adulthood. In addition, we found that there was no difference in the diffusion radius of the capillaries in the heart, suggesting that blood supply to cardiomyocytes was not compromised in the adult hearts of the LPD offspring. However, it must be emphasized that we cannot assess from our study of rats in adulthood whether growth of the cardiac vasculature in the developing heart in utero was affected by maternal protein restriction.
In addition to effects on vascular growth, perturbations in utero have also been linked to postnatal vascular dysfunction (28 -30 ). There appears to be regional heterogeneity in the extent of vascular dysfunction and also in the mechanisms involved that is endothelial, smooth muscle, or extracellular. Of particular relevance to the present study, maternal protein restriction has been shown to lead to blunted vasorelaxation in small resistance arteries (31,32) Whether maternal protein restriction affects vascular function in the coronary vasculature is currently unknown. In the present study, there was no evidence to suggest that there were structural increases in the smooth muscle content of the media of intramyocardial arteries in the heart of LPD offspring in adulthood, which, if evident, would imply increased contractility to vasoactive stimuli (33) . The media:lumen ratios of the intramyocardial arteries were not different between the LPD and NPD offspring. Two recent studies have looked at the effect of perturbations in utero on the structure of the blood vessel wall in adulthood. Contrary to our findings in the coronary arteries, Briscoe et al. (27) reported an increased medial wall thickness, decreased luminal area, and an increase in medial elastic layers in the aorta of adolescent guinea pigs that were growth restricted in utero. Alternatively, in another rat study, IUGR due to placental insufficiency was associated with impaired vascular growth leading to a reduced lumen diameter, which persisted into adulthood (34) . The differences in findings between studies demonstrate the complexity of the growth mechanisms in the blood vessel wall in vivo. The observed differences between our findings and those of other studies probably relate to differences in the site of the vessels sampled, species, or the model of in utero perturbation.
In conclusion, in this study, we have shown that maternal protein restriction during pregnancy and lactation does not affect the capillarization in the heart in adulthood, but importantly appears to lead to increased levels of interstitial fibrosis. Because cardiac fibrosis is associated with impaired cardiac contractility and arrhythmia, our results suggest that this may be a likely contributor to the increased cardiac disease in adult subjects that were exposed to an adverse intrauterine environment.
